Fetal distal lung epithelium (FDLE) must increase amiloride-sensitive epithelial Na + channel (ENaC) activity during the perinatal period to increase Na + transport and fluid clearance.
INTRODUCTION
The developing fetal lungs actively secrete fluid into the airspaces, a process which is essential for normal lung development, but this fluid must be cleared at birth to allow effective gas exchange and a successful transition to air-breathing. Impaired clearance of this fetal lung liquid results in transient tachypnea of the newborn (TTN) and if combined with immaturity of the surfactant system, infants will suffer from neonatal respiratory distress syndrome (nRDS) (1) (2) (3) . This switch from fluid secretion to fluid absorption at birth requires the developmental regulation of membrane transport proteins responsible for transepithelial Na + transport, including effects triggered by β-adrenergic agonists, oxygen, glucocorticoids (GC), and thyroid hormones (1) . These factors have been demonstrated to interact with each other; for example, GC and thyroid hormones given concurrently advance the maturation of the absorptive response to epinephrine in fetal lamb lungs (4) , and more recently it has been shown that oxytocin-induced labor augments IL-1β-stimulated distal lung fluid absorption in fetal guinea pig lungs (5) . The key Na + transport membrane proteins involved are the basolateral Na + ,K + -ATPase and the apical membrane's amiloride sensitive epithelial Na channel (ENaC), which under most circumstances represents the rate-limiting step in Na + absorption (6, 7) .
ENaC consists of homologous α-, β-and γ-subunits (8,9). The subunits share a common topology, and in Xenopus oocytes, a heterologous expression system, one requires co-expression of all three subunits for maximal channel activity although small currents arise when α-ENaC is expressed alone or paired with either β-or γ-ENaC (8). As such, our previous work has focused on the integrated effects of dexamethasone (DEX) and changes in pO 2 on α-ENaC expression and function. In primary cultures of rat fetal distal lung epithelia (FDLE) exposure to GC increases α-ENaC mRNA levels (10) via an increase in transcription mediated by a GC-4 responsive element in the 5' flanking region of the α-ENaC gene (11) (12) (13) . There is also evidence that GC increase apical membrane ENaC expression in the short term by augmenting ENaC trafficking and membrane retention via the serum-and glucocorticoid-regulated kinase (sgk) (14, 15) . Single-channel recordings from cultured adult alveolar type II epithelia (ATII) have
shown that the presence of GC and an air-liquid interface promotes the expression of lowconductance, highly Na + -selective channels in contrast to the nonselective cation channels that are predominant in primary cultures of alveolar type I epithelia grown under comparable conditions (16) or ATII grown in submersion culture in the absence of steroids (17) .
Recently, we have demonstrated that DEX-induced α-ENaC mRNA was efficiently translated into protein in primary cultures of FDLE only under postnatal (21%) O 2 (18) . Our sucrose density gradient analyses of polysomes showed changes in α-ENaC mRNA distribution consistent with specific modulation of α-ENaC translation initiation; specifically, DEX treatment of cells under fetal (3%) O 2 decreased the association of α-ENaC mRNA with large polysomes whereas shifting DEX-treated cells to 21% O 2 restored α-ENaC mRNA association with large polysomes. These effects were specific to αENaC: polysome distribution of β and γENaC was not affected. These data indicated that in the mature fetal lung, DEX can induce a pool of α-ENaC mRNA that is then available for rapid protein synthesis via gene-specific translational regulation when pO 2 subsequently increases at birth. Since α-ENaC is less efficiently translated than the β-and γ-subunits (19), such a mechanism could alter the relative amounts of α-, β-and γ-ENaC subunit proteins and thereby alter stoichiometry and/or have a direct or indirect effect on protein folding and hence channel assembly in the endoplasmic reticulum (ER). Protein translocation and folding has been demonstrated to occur co-translationally for a variety of membrane proteins, including the cystic fibrosis transmembrane regulator, CFTR (20) . The α-ENaC gene uses multiple transcription start sites to express mRNAs with alternative, long 5' untranslated regions (UTRs) with considerable potential for secondary structure (11, (29) (30) (31) . These are features that are typical of mRNAs which require increased levels of eIF4F for efficient translation (21). In our present study, we therefore hypothesized that the decreased polysomal association of α-ENaC mRNA contained within primary cultures of FDLE maintained under 3% O 2 atmosphere and exposed to DEX was mediated via the mTOR pathway and availability of eIF4F. We also examined the effects of pO 2 and DEX treatment on eIF4F complex formation and on phosphorylation of 4E-BP and p70S6K, and present data demonstrating changes consistent with a decrease in translation initiation for eIF4F-sensitive mRNAs. Finally,
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we showed that, similar to the effects seen with DEX treatment, rapamycin-induced inhibition of mTOR activity resulted in a specific decrease in loading of ribosomes on FDLE α-ENaC mRNA.
7

MATERIALS AND METHODS
Reagents:
Rapamycin Insolution ® was purchased from Calbiochem (San Diego, CA) and stored frozen in single-use aliquots, protected from light. Antibody to REDD1 (Regulated in Development and DNA damage responses, also known as RTP801) was purchased from ProteinTech Group (Chicago, IL). Antibody to eIF4G was from Bethyl Laboratories (Montgomery, TX); all other primary antibodies were purchased from Cell Signaling Technologies (Danvers, MA).
Secondary antibody (goat anti-rabbit, horseradish peroxidase conjugated) was purchased from Pierce (Rockford, IL). Cell culture media was purchased from Invitrogen (Burlington, ON, Canada). All other reagents were from Sigma (Oakville, ON, Canada) unless otherwise indicated.
Cell Isolation and Culture:
FDLE from 20d gestation rat fetuses were isolated and grown in primary culture as previously described (32) . All animal procedures were reviewed and approved by the Hospital for Sick
Children Animal Care committee. FDLE were seeded at a density of 1 x 10 6 cells/cm 2 onto 0.4 µm pore size Snapwell ® for Ussing chamber studies or 0.5 x 10 6 cells/cm 2 on plastic dishes for biochemical studies. All cells were grown as submersion cultures in DMEM-high glucose (4.5 g/l glucose with 2 mM L-glutamine and 110 mg/l sodium pyruvate) supplemented with 10% fetal bovine serum (FBS, Cansera, Rexdale, Ontario), 100 U/ml penicillin G sodium and 100 µg/ml streptomycin sulphate. The culture media was replaced 24 h after seeding to remove unattached cells, at which time media containing hormone-depleted FBS (stripped with charcoal and ion exchange resin) (33) was used, supplemented as indicated with 50 nM DEX, and cells were placed in incubators containing either 3% O 2 -5% CO 2 -balance N 2 ("fetal" atmosphere) or 5% 8 CO 2 -balance room air ("postnatal" atmosphere) for a 48 h period prior to analysis. Cells were fed with fresh media 90 min prior to harvest, using solutions which had been pre-equilibrated at the appropriate pO 2 (48 h) in the "fetal" or "postnatal" tissue culture incubators and handling "fetal" cells in a hypoxic workstation.
Lung epithelial cell lines (A549, H441 and MLE-15) for REDD1 studies were grown to confluence in "postnatal" atmosphere, after which media was changed as above for FDLE and cells were allocated to "fetal" or "postnatal" incubators for 48 h, followed by a final media change and harvest as above.
Western blots:
To harvest the cellular protein the tissue culture dishes were placed on ice and washed twice with ice-cold PBS, then lysed by direct addition of whole cell extract buffer (150 mM NaCl; 50 FDLE plated on 100-mm diameter dishes were placed on ice, washed twice with ice-cold PBS and harvested by scraping into 800 µl per plate of pulldown buffer (20 mM HEPES pH7.4; 50 mM KCl; 0.2 mM EDTA; 25 mM β-glycerophosphate; 0.5 mM Na-orthovanadate; 0.5% Triton X-100; 15 mM β-mercaptoethanol; 50 mM NaF; 1X Roche complete protease inhibitor cocktail).
After remaining on ice for 10 min, cells were thoroughly homogenized by passage through a 27
gauge syringe needle and then centrifuged for 10 min at 10,000 x g at 4°C. Extract (400 µg) was then incubated with 25 µl (packed volume) m 7 GTP-conjugated Sepharose beads (GE Healthcare)
at 4°C for 2 h on a rocking platform. After 3 washes in pulldown buffer and collection using low speed centrifugation, beads were re-suspended in SDS-PAGE loading buffer and heated 10 min at 95°C. Heated supernatants then underwent electrophoresis on SDS-PAGE gels alongside 50 µg of unpurified lysates, followed by Western blotting as described above, probing for eIF4G
and 4E-BP. After stripping, blots were re-probed for total eIF4E for normalization (34) .
Sucrose Density Gradient Fractionation of Polysomes:
Polysome profiles were prepared as previously described (18) . Briefly, six 10-cm plastic dishes containing confluent FDLE were used for each gradient. Cells were harvested on ice by washing twice with ice-cold PBS containing 100µg/ml cycloheximide, followed by lysis in 100
µl per dish of polysome lysis buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES, pH7.4, 100 µg/ml cycloheximide, 0.5% Nonidet P-40, and 1000 units/ml placental RNase inhibitor). The lysates were scraped to a 1.5 ml microcentrifuge tube and passed three to four times through a 27 gauge needle to ensure the lysis of all cells. Nuclei were pelleted by two sequential centrifugations at 12,000 x g for 5 min at 4°C. The resulting supernatants (10-12 A 260nm units per gradient) were layered on linear 15-45% (wt/vol) sucrose gradients in polysome gradient buffer (100 mM KCl, 5 mM MgCl 2 , and 10 mM HEPES, pH 7.4). Gradients were centrifuged at 35,000 rpm for 2 h in a Beckman SW41 rotor and recovered in 13 equal fractions using a Brandel gradient fractionator equipped with an ISCO UA-6 flow cell set to 254 nm (Brandel, Gaithersberg, MD). Fractions were stored at -80°C.
Northern Blot Analysis:
RNA was isolated from individual sucrose density fractions by proteinase K digestion followed by phenol/chloroform extraction and ethanol precipitation as described (18) . The entire RNA pellet from each fraction was subjected to electrophoresis on a 1% agarose 2.2M
formaldehyde gel in 1X MOPS buffer (20 MOPS pH7.0, 5 mM sodium acetate, 1 mM EDTA) and transferred to Hybond-N + membrane. Membranes were prehybridized and hybridized in Expresshyb solution (Clontech, Palo Alto, CA) at 65ºC using 32 P-labeled random primed cDNA probes for rat α-, β-and γ-ENaC, and for mouse cytokeratin 18 (CK18) as described (18) .
Hybridized membranes were washed at high stringency and analyzed via PhosphorImager.
FDLE Bioelectric Properties:
Culture media was replaced 24 h after seeding, at which time media containing hormone- 
Statistical Analysis:
Data are presented as mean ± standard error of the mean (SEM). Statistical significances were calculated using one-way analysis of variance (ANOVA) with P < 0.05 being considered as statistically significant. Statistical analysis was performed using GraphPad Instat version 3.01
and GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA).
RESULTS
Effects of pO 2 and DEX on Translational Regulation Pathways
As a preliminary indication of which pathway was regulating α- (18) . In contrast to the changes in 4E-BP, no significant change in phosphorylated eIF2α at Ser51 were seen under the different culture conditions. Thus, the eIF2α regulatory pathway seems to be an unlikely mechanism for changes in lung epithelial αENaC translational regulation under these conditions. As such, the remainder of our experiments focused on interactions within the 4E-BP pathway.
Combining 3%O 2 and DEX Reduces the Availability of the Translation Initiation Complex eIF4F
4E-BP phosphorylation regulates its association with its target, eIF4E (37) . The data on 4E-BP in Figure 1 suggest that there would be changes in 4E-BP association with eIF4E, and hence in the association of eIF4E with eIF4G. To evaluate this possibility, we then used m 7 GTPconjugated Sepharose to affinity-purify eIF4E-containing complexes from FDLE lysates ( Figure   2 ). DEX treatment of FDLE cultured in 3% O 2 atmosphere significantly increased the association of 4E-BP with eIF4E and reciprocally decreased association of eIF4G with eIF4E
(compared with cells in hormone-free conditions), indicative of a translationally-repressed state.
In contrast, when cells were cultured under 21% O 2 atmosphere there was neither a statistically significant change in 4E-BP within the pulldown fraction nor a significant decrease in the association of eIF4G. These data indicate that DEX treatment did not repress translation when FDLE are grown in a postnatal pO 2 environment. It should also be noted that the abundance of total 4E-BP protein in the total lysate immunoblot is increased by 3% O 2 , independent of DEX, but that the changes in eIF4E complex formation occur only when DEX is added, consistent with our observation of increased abundance of the hyperphosphorylated form of 4E-BP in the 3% O 2 , hormone-free culture condition (as seen in Figure 1 ). Thus the formation of active eIF4F translation initiation complexes (eIF4E/eIF4G complexes) in primary cultures of rat FDLE is regulated by combined effects of pO 2 and GC.
We further evaluated the effects of O 2 on 4E-BP expression by examining the steady state levels of 4E-BP mRNA (Figure 3 ). Consistent with changes in 4E-BP protein levels, FDLE cultured under a 21% O 2 atmosphere contained decreased levels of 4E-BP mRNA. 4E-BP mRNA expression was not affected by the presence or absence of DEX (Figure 3 ).
Effects of pO 2 and DEX on Signal Transduction via mTOR
4E-BP phosphorylation is regulated by the serine-threonine kinase mTOR (38) , a central regulator of cell growth and proliferation which integrates a wide variety of environmental cues, including nutrient/energy availability, pO 2 , and hormonal and growth factor signaling. In addition to regulating 4E-BP activity, the other major substrate for mTOR-mediated regulation of translation is p70S6K and its downstream target ribosomal protein S6. To investigate whether the observed changes in 4E-BP phosphorylation state in response to DEX in FDLE cultured at 3% O 2 were due to changes in mTOR activity, we tested the effects of pO 2 and DEX on p70S6K
and S6 ( Figure 4A ). Consistent with the changes in 4E-BP, we observed that FDLE cultured under 3% O 2 in hormone-free conditions showed increased levels of p70S6K phosphorylated at Thr398 (pp70S6K) and of S6 phosphorylated on Ser235/236 (pS6) compared to cells grown under 21% O 2 . In both p70S6k and S6, this phenomenon was blocked by the presence of DEX.
As with 4E-BP, phosphorylation of S6K also enhances formation of the translation initiation complex and cap-dependent translation (39) . Together, the data on 4E-BP, p70S6K and S6 phosphorylation suggest enhanced mTOR activity in cells cultured for 48 h under 3% O 2 , and that this enhancement is inhibited by DEX. In contrast, DEX appears not to affect relative phosphorylation levels of p70S6K or S6 in cells cultured under 21% O 2 .
Growth factors, mitogens and hormones activate the PI3K/Akt/mTOR signaling pathway, and mTOR is itself phosphorylated at residue Ser2448 by Akt, although the exact significance of this phosphorylation site on mTOR activity is uncertain since substitution of Ser2448 with Ala does not affect mTOR activity (38) . In addition to well-understood genomic effects, GC can also exert effects in a non-genomic manner and mediated by PI3K and Akt phosphorylation (40) .
Therefore, we assessed the phosphorylation state of mTOR at Ser2448 using antibodies specific to the Ser2448 phosphorylation site (pmTOR, Figure 4B ). Our results demonstrated that relative phosphorylation of this site on mTOR was not affected by pO 2 or DEX in FDLE, indicating that the PI3K/Akt pathway is not involved in regulating mTOR activity in response to pO 2 and DEX in the primary cell culture model system that we utilized.
We next examined whether the translational repression that we observed in FDLE when they were cultured under the combination of fetal O 2 atmosphere and DEX treatment was associated with a change in expression of REDD1, an upstream inhibitor of mTOR.
Surprisingly, and in contrast to previous reports in cell lines (41) (42) (43) (44) , when primary cultures of FDLE were exposed to different pO 2 levels there was no significant effect on REDD1 mRNA or protein levels. In addition, although REDD1 has been reported to be induced by DEX in lymphoid and muscle cells (45, 46) , 50 nM DEX treatment did not increase either REDD1 mRNA or protein levels but again to our surprise significantly decreased REDD1 in FDLE cultured at 21% O 2 , ( Figure 5 ). Using an identical approach, we then confirmed that several lung epithelial cell lines (A549, H441, MLE-15) do increase REDD1 levels when exposed to changes in pO 2 and DEX in an additive fashion (data not shown). Thus although DEX treatment resulted in inhibition of mTOR activity in primary cultures of FDLE, as assessed by decreased phosphorylation of mTOR targets 4E-BP and p70S6K, it appears this was not mediated via induction of the upstream mTOR inhibitor, REDD1.
Inhibition of mTOR inhibits α-ENaC Translation and Amiloride-sensitive Isc
To determine whether the observed changes in 4E-BP and p70S6K phosphorylation state were responsible for the decrease in ribosome loading on α-ENaC mRNA in DEX-treated FDLE, we undertook to demonstrate that direct inhibition of mTOR by rapamycin would induce similar 16 changes in αENaC mRNA distribution in polysome gradients. In order to determine the concentration of rapamycin that would most closely mimic the effects of DEX, we tested different rapamycin concentrations and also determined the levels of p70S6K and 4E-BP phosphorylation state relative to FDLE cultured in media alone and in media supplemented with 50 nM DEX. Phosphorylation state of p70S6K was assessed using an antibody specific to phosphorylation of Thr389, a site phosphorylated by mTOR, and normalized to total p70S6K in the lysate ( Figure 6A ). 4E-BP is phosphorylated on six sites, which can be resolved into three bands (α, β and γ) on SDS-PAGE, with the band of slowest mobility representing the fully phosphorylated form ( Figure 6B ). Comparison of the p70S6K and 4E-BP results in Figure 6 demonstrates that p70S6K phosphorylation state was more sensitive to rapamycin than 4E-BPtreatment of FDLE with 0.8 nM rapamycin for 90 minutes resulted in decreased abundance of p70S6K phosphorylated on (Thr389), comparable to the effects of 48 h exposure to 50 nM DEX.
In contrast, a concentration of 3.0 nM rapamycin was required to decrease the relative expression of hyperphosphorylated 4E-BP (γ-form) to a level comparable to the effects of 50 nM DEX.
Since 4E-BP phosphorylation state controls the availability of eIF4F, we used the higher concentration of rapamycin to treat FDLE prior to polysome gradient analysis. FDLE from 63% to 56% under rapamycin treatment. This is comparable to the decrease from 68% to 55% reported in this polysome subpopulation by Otulakowski et al in response to 50 nM DEX treatment (18) . In addition, this rapamycin treatment was sufficient to markedly inhibit amiloride-sensitive Na + transport in FDLE monolayers.
DEX down-regulates protein synthesis in rat lungs in vivo (48) and induces the a net decrease in the abundance of phosphorylated forms of 4E-BP and p70S6K in cultured myoblasts (25, 49) ; this is similar to our results in FDLE. Although the upstream mTOR inhibitor, REDD1, has been reported to be induced by either low pO 2 and/or DEX (41, 45) and to mediate the DEXinduced repression of translation initiation in L6 myoblasts (46), we found that REDD1 expression was not affected by culturing FDLE at 3% vs. 21% O 2 , nor was it induced by 50 nM DEX. Although many of the studies reporting induction of REDD1 involved even lower pO 2 
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than we used (41,44), we found that using a switch to 3% O 2 , in a manner that was identical to what we used in FDLE, was sufficient to increase REDD1 mRNA in two different human lung epithelial cancer lines (A549, H441) and a murine lung (MLE15) cell line (data not shown).
This suggests that our results are due to differences in the responses of primary cell cultures vs. and Akt (50) . However, our results suggest that DEX is not affecting Akt-mediated phosphorylation of mTOR in FDLE cultured at 3% O 2 . Thus the pathway by which DEX represses mTOR signaling in this system will require ongoing investigation.
Hypoxia decreases translation both via inhibition of mTOR and its targets (51) , and by triggering ER stress and phosphorylation of eIF2α via the kinase PERK (52) . A recent study using HeLa and other cell lines indicated that translational control in response to acute vs prolonged hypoxia operates through distinct mechanisms (23) . Early inhibition, which reached a maximum in 1-2 hours, was due to phosphorylation of eIF2α, while chronic hypoxic exposure activated a second, eIF2α independent pathway which was characterized by disruption of eIF4F
and sequestration of eIF4E due to increased expression of its inhibitor 4E-BP. Our results are consistent with these observations; in FDLE cultured for 48 h under 3% O 2 , we observed very minimal change in eIF2α phosphorylation ( Figure 1 ) but an increase in 4E-BP levels. In FDLE, in contrast to the reported study in HeLa cells, this increase in 4E-BP only resulted in sequestration of eIF4E when DEX was present. However, 4E-BP appears to be much more highly phosphorylated in our primary cultures of FDLE, such that sequestration of eIF4E occurred only when DEX treatment induced dephosphorylation.
Although specialized mRNA binding factors confer gene-specific regulation in some cases, general translation factors can specifically promote or repress translation initiation on some mRNAs depending on features of their UTRs, such as length and secondary structure of the 5' UTR (reviewed by Dever (53) were not significantly redistributed between the two polysome fractions in response to
